Camel heavy chain antibodies (HCAbs) have novel properties that render them useful in diagnosis and immunotherapy of various diseases. The purpose of this study was to produce recombinant camel HCAbs directed against a synthetic loop polypeptide that mimics the FcεRІ binding site on human IgE. A recombinant camel HCAb was purified and characterized after being cloned using One Shot TOP10 Escherichia coli, expressed in BL21 Star (DE3) E. coli. Out of nineteen successful clones only one named IgG211 was found to contain the IgG2 HCAb coding sequence in the correct orientation with 85% homology to camel IgG2. A 62kDa fusion protein was expressed in an insoluble form under Isopropyl β-D-1-Thiogalactopyranoside (IPTG) induction. Probond purified fusion protein was localized by immunoblot using mouse anti camel antibody. The reactivity of recombinant camel IgG211to its corresponding antigen using ELISA was 72.9% of the camel polyclonal IgG2. Thus, a successful production of a recombinant camel HCAb of the IgG2 isotype was achieved. Such achievement may contribute towards the application of the unique properties of camel HCAbs in the field of antibody-based therapy for the treatment of asthma and allergy.
Introduction
Among mammals, the Arabian camel (Camelus dromedarius) and other Camelidae produce special kinds of antibodies in their sera, known as heavy chain antibodies (HCAbs) (Hamers-Casterman et al., 1993 , Arbabi Ghahroudi et al., 1997 . The HCAb molecule lacks both light chains and consists of only two heavy chains that lack the CH1 domain. The small size, high affinity, solubility, close homology of the variable domain to that of human IgG, and stability at high temperature or in the presence of denaturing agents are remarkable characteristic features for the HCAbs variable heavy chain domains (VHH). Such novel properties of HCAbs has led to intensive research towards the production of HCAbs and VHH nanobodies against various viral, bacterial, protozoal and helminthic parasites, toxins and tumors as well as other immunologic and functional protein targets. In this regard, recombinant HCAbs and VHH were successfully prepared in bacteria and yeast through cloning, expression and selections of antigen-specific HCAbs and VHHs ( Van de Laar et al., 2007; Franco et al., 2010) .
IgE antibodies are reaginic antibodies involved in atopic diseases such as allergic asthmas (Beeh et al., 2000; MacLean and Eidelman, 2001; Novak and Bieber, 2003) . IgE binds to its specific FcεR1 receptor mast cells as well as blood basophils. Such interaction triggers a series of cascade reactions in these cells that results in various symptoms characterizing asthma and other IgE mediated allergic diseases (Gould and Sutton, 2008) .
Allergic asthma is one of the most common and highly variable chronic disorders of respiratory airways with many symptoms and complications. Prevalence of allergic asthma with severe manifestations is increasing worldwide, particularly in industrial countries (Beasley et al., 2000) . The currently available treatment strategies are inadequate to control the symptoms of severe asthma (Bukstein et al., 2005) . Alternative drugs, based on the production of anti-human IgE monoclonal antibodies (anti huIgE MCA), have been attempted. Such anti huIgE MCA efficiently bind IgE and do not induce histamine release in vitro (Davis et al., 1993 , Presta et al., 1994 , Rabe et al., 1998 . Also, camel polyclonal HCAbs that efficiently block IgE binding to its FcεRІ on human basophils in vitro and resulted in histamine release inhibition were efficiently developed (Al-Qaoud et al., 2015) . Moreover, a novel strategy based on the generation of humanized MCAs against huIgE-FcεRІ binding site have been engineered and approved by the Food and Drug Administration (FDA) in the USA as early as 2003 to prevent subsequent allergic symptoms (Doding et al., 2005) .
As a further approach towards the search for therapeutic strategies in asthmatic patients, an attempt to develop and purify recombinant camel HCAbs against a synthetic polypeptide that mimic FcεRІ binding site on huIgE was made in the present investigation.
Materials and Methods

Immunogen Preparation, Peptide Synthesis and Camel Immunization
Immunogen used in camel immunization was modified Synthetic Loop Peptide (SLP) with the basic sequence CGETYQSRVTHPHLPRALMRSTTKC (Wang et al., 2003) . The SLP was prepared according to multiple antigenic peptides system (MAPS) (Tam 1988) forming SLP-MAPS immunogen (Alpha Diagnostic International Co., San Antonio, USA). A Local male camel (Camelusdromedarius) was immunized with an initial 0.5 mg of SLP-MAPS mixed with Stimune adjuvant (Prionics, Schlieren-Zurich, Switzerland) at a 1:1 ratio. The camel was immunized 5 times at 2 week intervals as in our earlier work (Al-Qaoud et al., 2015) . At the end of the immunization protocol, anticoagulated blood was collected for lymphocytes isolation.
Lymphocytes Isolation, RNA Extraction and cDNA Synthesis
Lymphocytes were obtained from heparinized peripheral blood samples of SLP-MAPS immunized camel using Ficoll-Paque (PAA laboratories, Linz, Austria). The cell number was adjusted to (5×106) for RNA isolation. RNA was isolated using a Nucleospin RNA ΙΙ Total RNA isolation kit (Macherey-Nagel, Düren, Germany) following the manufacturer's instructions. Fiveμgof RNA was converted to cDNA by Reverse Transcriptase kit (Promega, Wisconsin, USA). The cDNA was used as a template to amplify the coding sequence for camel HCAbs.
Design of PCR Primers and pET102/D-TOPO Expression Vector Cloning Site
Two separate PCRs were done to clone the HCAb coding sequence in the pET102/D-TOPO expression vector using a shared reverse primer (Cam2) and one of two different forward primers. The forward primers that were used in the first and second PCRs were called CamV1 and CamV-Topo, respectively. The sequences of the primers were as follows: CamV1: (5ˊ ACACACCATGGAGCTGGGGC 3'), CamV-Topo:(5ˊ CACCGATGTGCAGCTGCAGGAGTC 3ˊ), and Cam2:(5'CTAGTGGGTCAGAAGCCCATTT3') (Saerens et al., 2004) . 
Production of Blunt-End PCR Products
The HCAbcoding sequence was amplified by nested PCR using Phusion HF DNA polymerase(New England BioLabs, Massachusetts, USA) and ESCO Swift Max Pro Thermal Cycler (Esco Technologies, Changi, Singapore).The first PCR was done to separate HCAbs from the conventional IgG1. The PCR was done with 35 cycles at 60C annealing temperature. Separation of PCR product was done using 1% agarose gel electrophoresis after staining with ethidium bromide. The two bands near 1200 and 1300 base pairs, representing the two HCAbs isotypes coding sequences, were used as templates for the secondary PCR. The HCAbs were amplified in the second PCR reaction and the bands representing IgG2 and IgG3 coding sequences from the two second PCR reactions were extracted using Wizard SV Gel and PCR Clean-up system kit (Promega, Wisconsin, USA).
Assembly of the HCAb Expression Construct and Transformation of One Shot TOP10 E. coli Competent Cells
The Champion pET Directional TOPO Expression Kit (Invitrogen, California, USA) was used for cloning. The purified IgG3 and IgG2 PCR products were cloned into pET102/D-TOPO vector as per manufacturer instructions. The ligation mixture was transformed into One Shot TOP10 E. coli using the heat shock method.
Analysis of Positive Transformants by Colony PCR and DNA Sequencing
All the colonies that appeared on the LB-Amp (100µg/ml) plates were prepared for analysis by colony PCR using the TrxFus forward and T7 reverse sequencing primers supplied with the Topo cloning kit. The positive construct was sequenced to check the identity and orientation of the HCAb coding sequence using the TrxFus forward sequencing primer (5'-TTCCTCGACGCTAACCTG-3´) with the aid of Eaton Corporation (Ohio, USA).The pET102/D-TOPO-HCAb construct was extracted using GenElute plasmid miniprep kit (Sigma, Missouri, USA) following specific manufacturer instructions.
Expression of the Recombinant HCAb Fusion Protein
Seven ng of the pET102/D-TOPO containing the expected anti-SLP-MAPS HCAb sequence was transformed into BL21 Star (DE3) E. coli using heat shock method following themanufacturer instructions. The culture containing the transformation reaction was grown overnight at 37ºC with shaking at 200 rpm and induced with 1mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Promega, Wisconsin, USA). The cells were harvested and resuspended in lysis buffer (50 mM potassium phosphate, 400 mM NaCl, 100 mM KCl, 10% glycerol, 0.5% Triton X-100, 10 mM imidazole, pH 7.8). The cells were lysed by freezing/thawing cycles (five times) using liquid nitrogen and 42°C water bath. After centrifugation, the supernatants containing the soluble fraction and pellets which contained the insoluble fraction were both used for analysis on 12% SDS-PAGE.
Purification of the Recombinant HCAb Fusion Protein and Analysis by SDS-PAGE
A fifty ml-sample of IPTG induced culture was used for the purification of the recombinant camel HCAb fusion protein using ProBond Purification System (Invitrogen, California, USA). Probond column was washed seven times and the unbound fractions were removed as per manufacturer instructions. Fractions were collected and analyzed by 12% SDS-PAGE.
Assessment of Recombinant Fusion HCAb by ELISA and Immunoblot (IB)
ELISA was used for the detection of the binding activity of the recombinant HCAb fusion protein with the SLP-MAPS synthetic peptide. Captured camel anti SLP-MAPS HCAbs were detected by HRP-labeled mouse anti camel antibodies prepared according to MonoJo's Standard Operating Procedures (SOP). Furthermore, the purified recombinant HCAb fusion protein, the induced bacterial lysate and uninduced bacterial culture were electrophoresed by SDS-PAGE and blotted on a nitrocellulose membrane using semidry immunoblotter purchased from Wealtec (Taipei, Taiwan). The presence of camel HCAbs was detected by the incubation with mouse anti camel-HRP as tracer. A relative reactivity index for recombinant IgG211 to anti-huIgE polyclonal IgG2 was calculated as per the formula: the reactivity of recombinant IgG211 divided by the reactivity of polyclonal IgG2 multiplied by 100.
Results
Camel HCAb Gene Amplification and Transformation
Nested PCR was performed to amplify the HCAbs coding sequence from lymphocytes of SLP-MAPS immunized camel (Figure 2 ). The resulting PCR products from the first reaction were three bands near 1500, 1300, and 1200bp. These bands represent camel IgG1, IgG2 and IgG3 coding sequences, respectively (Figure 2a) . The second PCR re-amplified the gel purified IgG2 and IgG3 coding sequences (Figure 2b ).The constructs containing the gel purified IgG2 and IgG3 coding sequences were transformed into TOP10 E. coli competent cells. The ligation efficiency was very low where only 15 and 4 bacterial colonies that resultedfrom the transformation of constructs contained IgG2 and IgG3 coding sequence, respectively.
Figure 2:
Nested PCR amplification products using 1% agarose gel. CamV-1 and Cam2 primers were used on camel lymphocyte cDNA.In A, IgG1 appears as a discrete band of ~ 1500bp while the two bands near 1018bp represent the HCAbs IgG2 and IgG3 complete coding sequence (Lane1). In B,CamVTopo and Cam2 primers were used on the gel purified IgG2 coding sequence (Lane 2), and on the gel purified IgG3 coding sequence (Lane 3), M: 1Kb DNA ladder.
Colony PCR and DNA Sequencing of Positive Transformants
All the 4 and 15 colonies were analyzed by colony PCR using the TrxFus forward and T7 reverse primers that annealed on the pET102 vector around the cloning site. Accordingly, the expected size of the clone containing the plasmid with an insert was around 1500bp. None of the 4 colonies yielded positive result, whereas only colony number 11 from the 15 colonies that resulted from transforming construct containing IgG2 coding sequence yielded positive result (Figure 3 ). This clone was named IgG211. Alignment of the sequence result of IgG211 on the NCBI database revealed homology with Camelus dromedarius heavy chain region with 84% identity. The sequence alignment showed a plus/plus result which indicates that the gene is in correct orientation. 
Expression, Analysis and Purification of Recombinant Fusion IgG211
Both the IPTG induced and uninducedIgG211 in BL21 (DE3) E. coli were both analyzed using SDS-PAGE to test for the expression of IgG2. Evidently, an overexpressed band near 65 kDawas revealed in the induced but not in the un-induced culture (Figure 4) . Meanwhile, the expected band size was approximately 62 kDa including the expression of the N-terminal HPthioredoxin and C-terminal V5 and 6His epitopes. The IPTG induced bacterial culture was analyzed for soluble/insoluble protein. A fusion form of IgG211 protein of approximately 65 kDa was completely found in the insoluble fraction (Fig 4) . The recombinant IgG211 fusion protein was eluted and most of it was eluted in the first two fractions that yielded approximately 70% of the protein (Figure5). 
Activity Assessment of Purified Recombinant IgG211 Fusion Protein
The purified recombinant IgG211 fusion protein was analyzed by IB using mouse anti camel-HRP to confirm its identity. Purified IgG211 was captured by the mouse anti camel-HRP and appeared as discrete faint band. In addition, many nonspecific bands appeared in the uninduced bacterial lysate (Figure 6) . Furthermore, the specificity of the purified recombinant IgG211 fusion protein was analyzed by ELISA. Low binding specificity was observed using SLP-MAPS as coating antigen. However, the relative reactivity index of recombinant IgG211 compared to polyclonal IgG2 was65.9% ( Figure  7) . 
Discussion
As research on the dissection of camel immune response and antibody production is still in early stages, the lack of fusion myeloma partner for antibody production hindered the production of camel monoclonal antibodies (MCAbs). Nevertheless, recombinant HCAbs and VHH were successfully prepared through cloning, expression and selections of antigen-specific HCAbs and VHHs in bacteria and yeast (Arbabi Ghahroudi et al., 1997; Van der Vaart et al., 2006; Franco et al., 2010) . In this study, we produced a recombinant full camel HCAb against human IgE in E coli for the first time. IgG2 HCAb with coding sequence in the correct orientation was confirmed upon the cloning and transformation in one E. coli colony named IgG211.
The IPTG-inducible expression of the recombinant IgG211 fusion protein in BL21 (DE3) E coli revealed that the IgG211 fusion protein was completely found in the insoluble fraction. This was opposite to what was expected, due to the presence of HP-thioredoxin at the Nterminal end which enhances solubility. However, the possible formation of insoluble recombinant proteins in form of inclusion bodies using E coli as n expression host was previously described (Ventura and Villaverde, 2006) . Those workers indicated that aggregation of protein in the inclusion bodies renders it as unfolded or improperly folded protein.
The 46kDa size IgG211 was eluted as part of the 62kDa fusion protein which contained a 16 kDa HPthioredoxin at the N-terminal end and a 6His-tag and V5 epitope at the C-terminal end. Due to the presence of the 6His-tag at the C-terminal of the IgG211 fusion protein, it was easily purified using ProBond nickel-chelating resin. Over 70% IgG211 was recovered in the first two elution fractions with relatively high purity. This high purity can be related to its presence in the inclusion bodies aggregates that is common to occur in E coli expression host (Ventura and Villaverde, 2006) .
The other observation pertaining to this purified recombinant IgG211 fusion protein was its low reactivity against SLP-MAPS immunogen using the ELISA (Fig. 7) . In our earlier work, (Al-Qaoud et al., 2015) , we showed that the reactivity polyclonal IgG2 against SLP-MAPS was low using the ELISA, but was highly reactive using the flow cytometry technique. Thus, further analysis of the IgG211 recombinant protein by flow cytometry is warranted.
The production and use of orally administered anti huIgE HCAbs as immunotherapeutic agents is of great importance. This is due to several reasons which prefers the use of the aforementioned HCAbs compared to conventional antibodies. The high stability, solubility, affinity and most importantly low immunogenicity of HCAbs has been repeatedly documented. In addition, no cytotoxicity or anti-nanobody antibodies were detected in serum of mice injected with nanobodies for therapeutic purposes (Dumoulin et al., 2002; Cortez-Retamozo et al., 2004; Revets et al., 2005; Coppieters et al., 2006) that favors camel nanobodiesto be used in the treatment of various diseases. Moreover, high sequence homology between camel VH and human VH was confirmed by amino acid sequence analysis that revealed a difference of only 14 amino acid which in turns potentiate humanization process and rendering the humanized camel HCAb less immunogenic than humanized conventional antibody (Vincke et al., 2009; Deschacht et al., 2010) . Furthermore, one key advantage that favor the use of camel HCAbs as blocking non-anaphylactogenic anti huIgE antibodies is their monovalent nature in contrast to the bivalent nature of mouse conventional IgG allowing HCAbs capable of targeting free IgE but not crosslinking bound IgE (Harmsen and De Haard, 2007) . With these novel properties it is expected that the use of camel HCAbs as anti huIgE blocking antibodies will overcome the side effect that accompanied the use of the commercially available humanized mouse anti huIgE known as Omalizumab (Davydov, 2005; Doding et al., 2005; Slavin et al., 2009) .
Conclusions
In conclusion, the superiority of camel HCAb (IgG2 and IgG3) against huIgE Cε3 over conventional camel IgG1 as revealed in earlier work (Al-Qaoud et al., 2015) paved the way toward successful production of recombinant camel HCAbs against SLP-MAPS. IgG211 was produced and expressed in E. coliand initial experiments to characterize it were done here. Evidently, the selection of higher affinity HCAb may be achieved by other techniques such as phage display technology which offers larger repertoire of antigen specific antibodies (Carmen and Jermutus, 2002; Arbabi-Ghahroudi et al., 2009) . Presently, we are trying to produce camel nanobodies to be used as orally administered therapeutic drug against huIgE using the recombinant phage display technology.
